Purpose: We have developed a statistical prediction model for prostate cancer based on four kallikrein markers in blood: total, free, and intact prostate-specific antigen (PSA), and kallikrein-related peptidase 2 (hK2). Although this model accurately predicts the result of biopsy in unscreened men, its properties for men with a history of PSA screening have not been fully characterized.
A cure for metastatic prostate cancer, like most other solid tumors, remains stubbornly elusive. Accordingly, screening and early detection remain the most promising avenues for reducing prostate cancer-specific death, yet the recent reports from two large randomized trials of screening gave equivocal results (1, 2) . The Prostate, Lung, Colorectal, and Ovarian Cancer (PLCO) Screening Trial study found no reduction in mortality from screening, although this could, at least in part, be attributed to widespread prostate-specific antigen (PSA) testing at baseline and during the trial among the men randomized to the control group (2) . The European Randomized Study of Screening for Prostate Cancer (ERSPC), which had less contamination of the control arm, showed a 20% reduction in cancer mortality after 9 years. An oft-cited figure is that 48 men would need to be treated after being diagnosed through screening to prevent one death (1) .
In addition, recent data have shown some of the shortcomings of PSA as a basis for biopsy decisions. The positive predictive value of an elevated PSA is in the 20%-to-30% range (3) , implying that a large number of men receive unnecessary biopsy. In addition, many of the cancers found by PSA constitute overdiagnosis, such that treatment, which is associated with important morbidities, has little, if any, benefit (4) .
It is plausible that supplementing PSA with other markers during prostate cancer screening would reduce both unnecessary biopsy and overdetection. With the use of a data set from the Göteborg section of the ERSPC, we have reported that a panel of four kallikrein markers: total PSA, free PSA, intact PSA, and kallikrein-related peptidase 2 (hK2), was strongly predictive of biopsy outcome in men with elevated PSA at their first PSA test (5) . We estimated that using the model to determine referral to biopsy would reduce biopsy rates by 573 per 1,000 men with elevated PSA and would miss only a small number of cancers (42 per 1,000). Moreover, most of the cancers missed were the low-grade, low-stage cancers most likely to constitute overdiagnosis. We subsequently replicated this result on an independent cohort of unscreened men biopsied in the first round of ERSPC Rotterdam, with very similar results (6) .
It is reasonable to suppose that PSA screening history would affect the properties of predictive models for prostate cancer. Accordingly, we applied the kallikrein panel to men biopsied in subsequent rounds of ERSPC Göteborg to address whether it retained its value in men with a recent PSA test. We found similar increments in predictive accuracy: use of the model to determine biopsy would lead to a sharp decrease in the number of biopsies and delay the diagnosis of only 1 high-grade cancer per 1,000 men with elevated PSA (7) . To determine whether this finding can be replicated, here we apply the predictive model from the kallikrein panel to men with a normal PSA at initial screening, and who were subsequently biopsied in rounds 2 and 3 of the Rotterdam section of the ERSPC.
Materials and Methods

Patient cohort
The cohort analyzed in the current analysis has been described previously (6, 8, 9) . In brief, we identified men with PSA <3 ng/mL at initial screening, and who underwent a biopsy for the first time during screening rounds 2 to 3 of the Rotterdam section of the ERSPC. This group of men constitutes a cohort with recent PSA screening. We included only those participants whose biopsy was prompted by an elevated PSA. After an initial PSA test (round 1), men not diagnosed with cancer and with ages <75 years were invited for up to two additional quadrennial screens (rounds 2 and 3). The current cohort includes screens conducted through December 31, 2006. The rate at which participants in the screening arm continued to undergo subsequent screening was very high, with ∼80% of men participating in all three screening rounds until a cancer diagnosis or age 75 years. The use of materials and data was approved on the basis of the originally signed consent. Men with an elevated PSA level in serum (defined as ≥3 ng/mL) were invited to undergo subsequent clinical examination and were highly compliant (∼88%). This examination consisted of transrectal ultrasound-guided laterally directed sextant biopsy and digital rectal examination. The flow of participants through the study is given in Fig. 1 .
Laboratory methods
Laboratory methods were as in our prior publication (6) . Serum samples were retrieved from the archival serum bank in Rotterdam (where they had been stored frozen at −80°C after their initial processing within 3 h from venipuncture) and shipped frozen on dry ice to Malmö, Sweden in 2005 to 2007. Analyses of free, total, and intact PSA, and hK2 were done in Dr. Lilja's laboratory at the Wallenberg Research Laboratories (Department of Laboratory Medicine, Lund University, University Hospital, Malmö, Sweden) during 2005 and 2007. Free and total PSA were measured with the use of the dual-label DELFIA ProStatus total/free PSA assay (Perkin-Elmer). Intact PSA and hK2 were measured by using F(ab')2 fragments of the monoclonal capture antibodies to significantly reduce the frequency of nonspecific assay interference (10) . The
Translational Relevance
The work shows that a panel of four kallikrein markers is a highly accurate predictor of prostate biopsy outcome in men with who have undergone prior prostate cancer screening. The study involved application of a previously developed model, and thus involves strict separation of training and validation sets. We previously showed the utility of the kallikrein panel for men with no prior screening. The current study shows that the panel can also be used for men undergoing repeat prostate cancer screening, as an important aid to determining whether an initial biopsy is warranted for men with an elevated PSA. Use of the panel could substantially reduce the number of biopsies given to men at low risk of harboring prostate cancer, thereby reducing the discomfort, risk of infection, anxiety, and cost associated with biopsy, and likely the number of screened detected cases needed to be treated to prevent one prostate cancer death. intact PSA assay measures only free, uncomplexed intact PSA (i.e., not cleaved at Lys 145 -Lys 146 ). All analyses were conducted blind to biopsy result.
Statistical considerations
Our overall hypothesis was that additional kallikreins (free PSA, intact PSA, and hK2) could enhance identification of prostate cancer diagnosis in recently screened men with elevated PSA when compared with a base laboratory model (including age and total PSA) or a base clinical model (including age, total PSA, and digital rectal examination result). In our initial study on the value of the kallikrein panel for previously screened men in the ERSPC Göteborg cohort (7), we came to three conclusions. First, PSA values in recently screened men referred for biopsy on the basis of an elevated PSA are extremely homogeneous; as a result, PSA is a poor predictor of biopsy outcome. Second, the additional kallikreins enhanced discrimination of prostate cancer in recently screened men. Third, the statistical model developed on unscreened men had reasonable discrimination but poor calibration when applied to recently screened men; accordingly, different statistical models to predict biopsy outcome are required depending on whether a man has undergone recent screening. The primary aim of the current study was to test each of these three findings on an entirely independent data set.
Although it would have been ideal to test the statistical model developed to analyze the Göteborg data set, modifications to the assays used to measure intact PSA and hK2 in the Rotterdam cohort precluded such an analysis, as described previously (6) . Accordingly, we created our statistical models with the use of the Rotterdam round 1 training set, a random sample of one fourth of the participants biopsied during round 1 for an elevated PSA (6). We used a slightly simplified model in comparison with our previous studies on this cohort, using only linear terms for intact PSA and hK2, and using nonlinear terms (restricted cubic splines with knots at the tertiles) only for total PSA and free PSA. In addition, the equation was modified so that, in men with very high PSA, risk was based on PSA alone, to avoid unusual situations in which men with very high PSA were given a low risk of cancer. The model was finalized before analysis of the data from the this cohort were conducted, such that the study involved strict separation of training and validation sets, with models developed and tested on independent cohorts. We considered two separate base models. The base laboratory model included only information available to a laboratory: age and total PSA. The base clinical model also included the digital rectal examination result on the grounds that this would be available during a clinical consultation. We evaluated the increment in predictive accuracy when all additional kallikreins were added to the base models to create models that included four kallikreins. Discriminative accuracy was given as the area under the receiver operating characteristic curve (AUC). High-grade cancer was defined as biopsy Gleason score 7 or higher. The AUC for high-grade cancer was calculated from the predicted probabilities of any cancer; that is, we did not build a separate model for the outcome of high-grade cancer. Confidence intervals and inference statistics for differences between AUCs were obtained with the use of the method of Delong (11) .
To characterize the clinical effects of the models, we used decision curve analysis (12) . This method estimates a "net benefit" for prediction models by summing the benefits (true positives) and subtracting the harms (false positives), where the latter is weighted by a factor related to the relative harm of a missed cancer compared with an unnecessary biopsy. A model is of clinical value if it has the highest net benefit across the full range of threshold probabilities at which a patient would choose to be biopsied.
All statistics and graphs given here are for the independent validation set, based on the blood sample taken closest to the time of biopsy. Statistical analyses were conducted with the use of Stata 10.1 (StataCorp LP).
Results
The characteristics of the 1,501 participants biopsied for the first time during screening rounds 2 to 3 are given in Table 1 . Overall, 388 cancers were diagnosed (26%), of which 91 were high-grade (6%). The total PSA levels were very similar between participants with and without a cancer diagnosis (median, 4.0 and 3.8 ng/mL, respectively). PSA was above 5 ng/mL for 22% (n = 244) of those without a diagnosis, 21% (n = 63) of those diagnosed with low-grade cancer, and 48% (n = 44) of those diagnosed with high-grade cancer.
Models were developed with men biopsied during round 1 and independently validated for men with an initial biopsy during rounds 2 to 3; the discriminative accuracies are given in Table 2 . Both the laboratory and clinical base models had poor discriminative accuracy for prediction of any cancer (AUC, 0.557 and 0.585, respectively). The addition of free PSA, intact PSA, and hK2 to these two models significantly increased discriminative accuracy (AUC, 0.713 and 0.711, respectively; increment of 0.156 and 0.126, respectively; both P < 0.001). For the outcome of high-grade cancer, the base laboratory model had a discriminative accuracy of 0.699 and 0.709 for the base clinical model. Nonetheless, the additional kallikreins significantly enhanced the AUC for high-grade cancer (AUC, 0.793 for full laboratory model; enhancement, 0.094; P = 0.003; AUC, 0.798 for full clinical model; enhancement 0.089; P = 0.001).
To put these results in a clinical context, we considered the scenario in which a clinician would recommend biopsy to men with a ≥20% predicted probability of a positive biopsy (Table 3) . Applying this rule with the laboratory full model would reduce the number of biopsies by 30% while delaying the diagnosis of 32 low-grade cancers and only 4 high-grade cancers per 1,000 men biopsied. Applying this rule with the clinical full model would reduce the number of biopsies by 36%, with a delayed diagnosis for 43 low-grade and 4 high-grade cancers per 1,000 men biopsied. Of the 43 low-grade cancers with a delayed diagnosis, 39 would be T 1c and 4 would be T 2 ; of the 4 high-grade cancers with a delayed diagnosis, 3 would be T 1c and 1 T 2 .
We have shown the benefit of the full models with the use of a single cut point of 20% as the threshold probability for biopsy. Because preferences will vary for the individual patient and clinician, we plotted a decision curve to explore how individual preferences might affect the results. Decision curve analysis (Fig. 2) shows that the full models were superior to the base models and the strategies of biopsying all men or biopsying no men for the full range of relevant threshold probabilities (10%-40%). This shows that using the kallikrein model to determine biopsy would lead to superior clinical outcomes irrespective of a patient's or clinician's preference on the relative harms and benefits of cancer detection versus unnecessary biopsy.
To examine whether a separate statistical model is required for men with a history of recent screening, we created a model with the use of the rounds 2 to 3 data. The discriminative accuracies of the models were very similar to those given in Table 2 (AUC for any of biopsies by 44%, with a delayed diagnosis of 57 lowgrade and 4 high-grade cancers per 1,000 men biopsied. Therefore, we saw no evidence to suggest that a model developed among men without recent screening is not appropriate for men with a history of recent screening. Table 4 compares the incremental value of the different kallikreins for the Rotterdam and Göteborg cohorts. Overall, the updated assays used in Rotterdam seem to improve discrimination. The ERSPC study used six-core biopsies, and in general a more extensive biopsy leads to more cancers being detected. In our previous analyses of the kallikrein panel with ERSPC cohorts, we did sensitivity analyses to address whether biopsy scheme would affect our results. In the sensitivity analyses, we assumed that men with a positive biopsy within 4 years of initial biopsy would have had cancer detected at initial biopsy if they had received an extended core biopsy. We considered doing a similar sensitivity analysis for this cohort; however, we found that there were only 30 such cases of cancers diagnosed with an additional 4 years of follow-up. Therefore, it is very unlikely that we would come to different conclusions had extended core biopsies been done. Note also that the number of aggressive cancers with a poor outcome missed by sextant biopsy has been shown to be extremely low (13) . Fig. 2 . Decision curve analysis. Clinical net benefit for various biopsy strategies plotted against the risk threshold at which a patient or clinician would opt for biopsy. The clinical net benefit is greater across the full range of reasonable risk thresholds for biopsying based on the kallikrein models than for the alternative strategies of biopsying all men with elevated PSA or biopsying no men. 
Discussion
In this study, we used an independent cohort to test three previously published results. We replicated our finding that PSA is a poor predictor of initial biopsy outcome in men with a recent screening history and with elevated PSA, and that three additional kallikreins can dramatically improve discrimination and thereby reduce unnecessary biopsy in this group of men. However, we failed to replicate our finding that different statistical models for the kallikreins are required for recently screened men compared with unscreened men.
There is accumulating evidence that prior screening affects the properties of PSA. A widely cited report by Stamey et al. found that the association between PSA and cancer characteristics decreased over time as a result of PSA screening, leading to the conclusion that "the prostate specific antigen era … is over" (14) . In three separate studies on biopsy outcome of men with elevated PSA after repeat screening: our report here, our previous report on the Göteborg section of the ERSPC (7), and the report of Eggener et al. from a U.S. screening cohort (15), the predictive accuracy of PSA has been reported to have an AUC of close to 0.55, little better than a coin flip. Moreover, in a study of a clinical cohort, Schwartz et al. reported that PSA entirely lost its ability to predict biopsy outcome between 1993 and 2005, an effect that might be explained, at least in part, by the increased proportion of men with elevated PSA having undergone prior screening. The results of the Prostate Cancer Prevention Trial (16) stand in distinction to these findings: although participants in the Prostate Cancer Prevention Trial participated in yearly PSA tests, the predictive of value of PSA was maintained, with an AUC of 0.68. The clear difference in the Prostate Cancer Prevention Trial is that men received a protocolled biopsy irrespective of PSA level. We can conclude that in a recently screened man with a PSA elevated above typical biopsy thresholds, such as 3 ng/mL, the degree of elevation does not markedly affect risk: a PSA of 6 ng/mL does not constitute an importantly higher risk than a PSA of 4 ng/mL. However, PSAs above commonly used thresholds represent a higher risk than those below: a PSA of 4 ng/mL does represent a much higher risk than a PSA of 1 ng/mL (16) .
Our finding that the kallikrein panel helps predict the result of biopsy is also highly consistent with the previous literature. We have now found that the kallikrein panel improves discrimination in unscreened men in both an initial study (5) and an independent replication set (6), and also in previously screened men (7), with the current study replicating those findings. We have also investigated two of the three additional kallikreins, free PSA and hK2, for long-term prediction of clinically diagnosed prostate cancer and found that they improve prediction over and above that of PSA alone in a cohort of 60-year-old men (17) . Several other reports support our findings. A large number of reports have shown that free PSA (or free-tototal PSA ratio) improves discrimination of prostate cancer (18) . It is likely that intact PSA may reflect prostate pathology in a manner quite similar to a proPSA assay that was highly predictive of cancer in a recently screened population (19) . hK2 has been shown to be highly predictive of prostate cancer in several studies by independent authors (20) (21) (22) . To our knowledge, we are the first group to combine all four markers into a single statistical model.
We hypothesize that there are two general explanations for why a new model for recently screened men was necessary with the Göteborg cohort but not with the Rotterdam cohort. First, the screening interval was longer for Rotterdam than for Göteborg (4 versus 2 y). The longer the screening interval, the less homogenous PSA and other measurements will be at subsequent screenings. For example, 44% versus 30% of men biopsied in subsequent rounds of Rotterdam and Göteborg sections had PSA >4 ng/mL, and 11% versus 5% had PSA >6 ng/mL. In other words, due to the longer screening interval, the men biopsied in the first versus subsequent screening rounds were more similar in the Göteborg cohort than in the Rotterdam cohort, and the models have greater predictive performance as a result. Second, a newer version of the assays to measure intact PSA and hK2 was used for the Rotterdam measurements, which led to more precise measurements of both hK2 and intact PSA, which is a subform of free PSA (10) . The improved measurements seem to have led to better enhancements in predictive accuracy associated with free PSA and intact PSA (Table 4) . For example, the addition of intact PSA enhanced the AUC by 0.044 in the Rotterdam cohort but did not enhance the AUC at all in the Göteborg cohort. These enhancements also seem to have translated into improved calibration with the addition of these markers. In both Göteborg and Rotterdam, models lacking either intact PSA or free PSA were not well calibrated; with the addition of these markers in the Rotterdam cohort, the full models achieved good calibration.
The clear strengths of our study include the use of completely independent training and validation sets, the replication of a previously published model, and the very close concordance between our initial findings and those reported here. For example, we initially reported (7) that the AUC for the detection of any cancer increased from 0.564 for PSA and age to 0.674 with the additional kallikreins; the comparable numbers here are 0.557 and 0.713. For prediction of high-grade cancer, our prior report gave an AUC of 0.717 for the base model, including digital rectal examination, and 0.828 for the kallikrein panel plus digital rectal examination; here we report AUCs of 0.709 and 0.798, respectively.
An additional strength is our use of a decision-analytic approach, clearly showing that application of the kallikrein panel would improve clinical decision making. Again, we find a strong concordance between our previously published results and those shown here. We initially reported that use of the kallikrein panel plus digital rectal examination, with the use of a threshold probability of 20% for biopsy, would lead to 369 fewer biopsies per 1,000 men with elevated PSA but would lead to a failure to biopsy 66 men with low-grade cancer and 5 men with high-grade disease. The comparable figures reported here are 362, 43, and 4.
As previously pointed out (6), a major advantage of our approach is that it does not require novel clinical procedures, such as collection of urine after prostatic massage (23), or novel laboratory tests, such as mass spectroscopy (24) . Indeed, the very same blood sample identifying a man as potentially in need of biopsy, that is, a PSA of 3 ng/mL or above, could be retested for the additional kallikreins. It would also be relatively straightforward to convert the current PSA assay to a multiplex kallikrein assay.
In a previous analysis of this cohort (8), we did not find that PSA velocity helped to predict biopsy outcome. Use of PSA velocity added only slightly to predictive accuracy, and once men with high PSA velocities, who had a lower risk of cancer, were excluded, there was no benefit to PSA velocity. Hence, the kallikrein panel should be used on its own without inclusion of PSA velocity.
We recognize two limitations of our study. First, participants in this study were subject to sextant biopsy, as was the current practice when the ERSPC was designed. Contemporary biopsies more typically involve 10 or 12 cores. We see no reason why the additional yield of prostate cancers from a more extensive biopsy would materially affect the predictive value of a marker that is highly predictive of cancer detected on sextant biopsy. Moreover, in our prior study we showed that the increment in predictive accuracy associated with the full kallikrein panel was similar when simulating the results of an extended biopsy (5-7). The second limitation is that the samples available for testing had been stored for several years, and may have been thawed and refrozen before analysis. Previous reports have shown that long-term storage, and repeated freezing and rethawing degrade kallikreins (25) , affecting the predictive accuracy of the four-kallikrein panel. Yet this would act as a conservative bias, acting to decrease the apparent clinical value of our approach.
In summary, we have replicated, with the use of an independent sample, a published finding that a panel of four kallikreins can help predict the result of initial biopsy in previously screened men with elevated PSA who have no history of negative biopsy. Our models can therefore be used to determine which men should be advised to have biopsy and which might be advised to continue screening but defer biopsy until evidence of malignancy was stronger. As such, the models have the capacity to shift favorably the balance between the benefits and harms of PSA screening.
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